This work aims to study the effect on surface dose and dose distribution caused by the Elekta Fraxion cranial immobilization system. The effect of Fraxion inclusion in Elekta Monaco treatment planning system and its calculation accuracy is also checked. To study the dose attenuation, a cylindrical phantom was located over the Elekta Fraxion with an IBA CC13 ionization chamber placed in the central insert at the linac isocenter. 
Designed in the fifties by L. Leksell, 2-4 the use of a rigid invasive stereotactic head frame fixed to the skull using fixation screws ensures submillimeter precision, that makes it the ideal choice for one single fraction treatments, proven effective for small brain tumors and brain metastases. 5, 6 Nevertheless, for lesions larger than 3 cm in diameter, or when more than one lesion is involved, the surrounding normal tissue exposed to the single high dose augments, increasing the toxicity, as well as the risks of neurological morbidity from radiation necrosis and local treatment failure. 5, [7] [8] [9] [10] For lesions larger than 3 cm, fractionated stereotactic radiotherapy (SRT) has been proved to be an effective and safe technique to treat brain metastases, 11 as it delivers a high biologically effective dose with the advantage of the effects of fractionation on normal brain tissue, while being highly efficient achieving local tumor control. 12 Fraxion (Elekta, A.B., Stockholm, Sweden) is the commercial name of the repositioning head frame system designed to overcome the drawbacks of conventional invasive fixation for linac-based SRS, and SRT treatments. This repositioning system is based on the design of the Elekta Extend ™ System for Leksell Gamma Knife ™ (Elekta, A.B., Stockholm, Sweden), which has been described previously in the literature. 13, 14 Although external devices to the patient are meant to be radiotranslucent, it is well-known that these devices increase the skin dose 15, 16 and alter the dose distribution. This is due to the beam attenuation as it crosses the device, which acts as a bolus and backscatter material. The skin sparing effect for megavoltage beams and depth of maximum dose decrease, hence increasing the skin dose. 17, 18 The American Association of Physicists in Medicine (AAPM)
Task Group 176 reported the dosimetric effects caused by different couch tops and immobilization devices. 19 As Fraxion was not included among the devices incorporated in this report, the objective of this study was to measure the dose attenuation caused by the Fraxion headrest part for different gantry angles and field sizes, as this part is commonly traversed by the linac beams when the SRT treatments are planned with volumetric modulated arc therapy (VMAT) technique, 20 particularly when more than one lesion is involved and sometimes a full arc is needed. 21, 22 Also the variation in surface dose was measured. Finally, the dose calculation accuracy with Monte Carlo based Elekta Monaco treatment planning system (TPS) (v. 5.00.00) when Fraxion is included was checked, along with the clinical impact when it is not included.
| MATERIALS AND METHODS
The Fraxion system basically consists of a patient control unit (PCU), and a Fraxion frame with headrest and front piece. It also includes a unique vacuum mouthpiece and a head vacuum cushion which fits into two holes on the bottom of the headrest to achieve accurate and comfortable patient immobilization, which combined with partial or full head thermoplastic masks ensures patient immobilization and positioning accuracy. The PCU provides the necessary vacuum for securing the mouthpiece to the patient's maxilla, thus securely immobilizing the patient. In addition, the PCU is used to form the vacuum cushion.* Figure 1 shows an illustration of the headrest and posts used to clamp the mouthpiece. These posts are made of a foam core sandwiched between carbon fiber, and are not included in our attenuation measurements, as they are not crossed by radiation beams even when treating lesions at the cerebellum tonsil. 23 The headrest is a 2 mm thick carbon fiber piece, slightly curved, with extensions on both sides to attach the patient mask, through which we assume that the attenuation will be higher. (Fig. 2) . The choice of this chamber is due to the fact that it provides good dose measurement results for the three field sizes used in this work, so it is not necessary to change it as the size of the field is modified. 24, 25 Measurements performed at 0°, 90°and 270°gantry angles were used to obtain the reading without attenuation, as with these were delivered at each angle. These measurements were also used to verify dosimetrically the chamber position at the linacisocenter.
2.A | Attenuation measurements
Position was considered well centered once the readings differed ±0.1%, as described by Gerig et al. 26 Dose attenuation measurements at various gantry angles were performed for three open fields, Films were kept in a light-proof container when not being analyzed to reduce coloration from ambient light and UV sources 28 and handled according to the procedures described in the AAPM TG-55 report. 29 Two hours after irradiation films were scanned five consecutive times in transmission mode using an Epson Expression 11000 XL scanner, placing each piece of film one by one in portrait direction at the center of the scanner to prevent nonuniformity response effects. Scans were performed at 72 dpi resolution and analyzed 
3.C | Surface dose and buildup region
The presence of Fraxion during the treatment is going to alter the dose, particularly affecting the surface, skin and buildup region doses. Figure 6 shows the measured and calculated Percentage Depth Dose (PDD) curves when Fraxion is included, and when it's not.
Measures include the surface dose, dose in the buildup region, maximum dose and dose at the isocenter, at 10 cm depth. Maximum PDD differences between measured and calculated values are 4% at surface without Fraxion and at 0.5 cm depth with Fraxion for 5 × 5 cm 2 field size. For 10 × 10 cm 2 field size, these differences are 2% at the surface and 3% at 0.5 and 10 cm depth with Fraxion. The variation in the headrest thickness due to the holes used to fit the patient cushion in Fraxion was also studied. Figure 7 represents the percentage variation in the measured dose, normalized to the dose at the center of Fraxion.
Due to the different thickness, the buildup effect is easily confirmed. Differences between doses measured at the center and the sides present a higher value at the surface than the ones measured at 0.5 cm depth. At 1.5 cm depth this effect is no longer present and the dose value is smaller, due to the attenuation caused by Fraxion.
| DISCUSSION
As indicated in the AAPM report TG-176 and by several other authors, [18] [19] [20] 26, 27, [30] [31] [32] devices external to the patient can act as a bolus, increase the skin dose, attenuate the beam and in summary modify the dose distribution. This effect can be observed even with a vacuum cushion placed in the beam's path. 33 Although this effect is well-known, no previous studies included the attenuation of Fraxion's headrest for different gantry angles. In this work, the dose attenuation effects caused by Fraxion's headrest have been studied.
Several gantry angles were studied, especially the ones for which the beam traverses the structure twice, where the patient's head mask is clamped.
Modern commercially available planning systems have the option to include the treatment couch, as Monaco does. Its inclusion in the treatment plan is nowadays a common practice, but in some cases this can be missed when attenuation is expected to be negligible. It has also been studied, how well Monaco is capable of calculating the dose at the surface, the buildup region, and the isocenter when Fraxion is included in the calculation, without any other data modification, that is, without forcing any Fraxion density, only with the one obtained from the CT images.
Results show that attenuation at 180°gantry angle is approximately 1%, measured at the isocenter, which coincides with the data provided by the vendor. For the three field sizes included in this work, the maximum attenuation value is obtained for 150°gantry
angle, for which attenuation can be as high as 3%, and decrease as the gantry angle approaches 180°. At approximately 150°, the beam traverses the headrest part where the patient's mask is clamped, the structure folds and the beam passes through twice. As expected, for the three field sizes, the more radiological path travelled by the beam the more attenuation value obtained. So although carbon fiber materials are considered radio transparent to high energy photons, 34, 35 the results obtained in this work show that the attenuation caused by Fraxion's headrest can be of importance when planning SRS and SRT treatments with VMAT technique, with which arcs traversing the structure can be used.
There is a slight dependence of the attenuation with the field size, it decreases as the field size increases for 5 × 5 and Attenuation of the 6 MV photon beam at 150°gantry angle decreases from 3.4% to 3.1% for 5 × 5 and 10 × 10 cm 2 field sizes, respectively, but increases from 3.3% to 3.4% for 2 × 2 and 5 × 5 cm 2 field sizes, respectively. The latter is in contrast with other authors that studied attenuation effects of couch tables. 30, 36, 37 For a smaller field size, Njeh et al. 37 figured that scatter radiation which is recorded by the chamber is reduced, and this resulted in the decrease in attenuation as the field size increased, which occurs between 5 × 5 and 10 × 10 cm 2 field sizes but not between 2 × 2 and 5 × 5 cm 2 field sizes. The difference between their study and this one is the shape of the headrest. Fraxion's headrest shape is slightly curved, with different thickness at its bottom, and folds where the patient's mask is clamped. At this headrest part, the beam traverses twice the structure and the attenuation results turn out to be higher. For a 2 × 2 cm 2 field size, the beam area which traverses twice the structure at 150°gantry
angle is less than for a 5 × 5 cm 2 field size, and due to that, the attenuation is smaller than for 5 × 5 cm 2 field size, but greater than for 10 × 10 cm 2 field size.
This variation in attenuation as the field size variesis also dependent on the gantry angle. Figure 8 shows the headrest attenuation (%) Skin toxicity has always been a major concern in radiotherapy treatments, even nowadays with modern techniques. [38] [39] [40] As discussed earlier, surface dose and dose at 0.5 cm depth have been measured. Results show the important effect caused by the headrest on skin dose, as the measured dose increases significantly at both depths. The effect on surface dose caused by the different headrest thickness at its bottom is also proved. Surface dose is 15% higher on the sides of the headrest than at its center, due to the buildup effect. This effect fades with the beam depth in the phantom, but affects to the skin dose in those areas. 41 although differences in surface dose increase as the field sizes decreases, so probably it's better to avoid high attenuation areas when planning. Figure 9 shows the variation in the calculation when Fraxion is included or not, when planning an SRS treatment with seven noncoplanar arcs prescribed at 18 Gy in one single fraxion. In this case, the treatment was planned without Fraxion. Then it was included and exactly the same plan was again calculated, to see the "real" dose distribution during treatment. It can be seen that if Fraxion is not included, its effect at the surface and hence the skin dose is missed.
Also, dose to the target above 20 Gy resulted in V 20 = 52.3% if Fraxion is not considered, and only 0.08% when it is. Therefore, it is possible to get wrong dose values that can be of importance when
Fraxion is ignored. This causes a direct clinical impact on the patient, as the PTV will receive in general, fewer doses than the ones prescribed, leading to a mistreatment of the tumor. Besides, the information given by the planning system about the doses received by the OARs will be incorrect. Dose tolerances could be exceeded, causing fatal radiation injuries to the patient. These considerations prove the importance of Fraxion inclusion in the treatment planning.
| CONCLUSIONS
The effect on attenuation of Fraxion headrest for 6 MV has been studied. Although attenuation is less than 2% for several gantry angles, is more than 3% where the headrest folds to clamp the patient mask. This can be of importance if Fraxion is not included in the calculation when the beam traverses that part with complete VMAT arcs or non-coplanar arcs, which coincide with that area. Monaco correctly calculates the attenuation and the PDD, but differences in surface dose are greater than 5% for small fields, so it is better to avoid the maximum attenuation area when planning radiotherapy treatments. Results show the importance of the inclusion of Fraxion in the treatment planning, and the accuracy of the calculation when it is included without any density manipulation in the TPS.
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